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1. INTRODUCTION

In monochromatic illumination, objects
whose roughness is on the order of a
wavelength or so cause speckle to appear in
the reflected signal. This phenomenon is
well known, as it has been studied
extensively during the past 15 years. While
much interest has centered on speckle in
optical processing, imaging, holography,
and in particular on the suppression or
smoothing of speckle, there is growing
interest in the study of speckle in images
from illumination by monochromatic
sources lying outside the visible band.
Speckle noise occurs in the display of
microwave radar images, where it is better
known as scintillation. It is also prevalent in
spatially scanned systems operating from
the submillimeter to the visible region.

Numerous recent treatments of multiple-
lcok smoothing of speckle noise are
described in the review by McKechnie.'
However, it is difficult to compare them
because sufficient data on the initial
distribution of the intensity have not been
included or a highly nonlinear film-
recording process has been used to record
the multiple-look sequence. Hence, there
has not been much accord as to the number
of looks which one should design into a

display to achieve a given resolution and
quality in the final imagery.

In studies of speckle smoothing, either
opaque discs or highly contrasted binary
images, such as resolution charts, have been
employed.’ Other recent studies have
included the use of realistic imagery; but in
these, it is difficult to make a quantitative
determination of the contrast levels
involved.' Since in practical applications
imagery of low contrast is often
encountered and since speckle noise is
particularly severe at low contrasts, this
specific problem merits careful study.

In this study our objective is to provide
new data on the detection of low-contrast
objects in speckled imagery and to present
the data in a form which is general enough
that it can be easily applied to any
wavelength or band of interest. The study
of three different types of apearture
smoothing and the presentation of
illumination level tests for fully developed
speckle are reported. Detection
probabilities and false-alarm
objects in speckle noise are discussed and
the results of experiments are shown,

rates for

While the presentation of thresholds of
detectable contrast is emphasized, e.g., in

I. T.S. McKechnie, “Speckle Reduction,” Laser Speckle, J. C. Dainty, ed.. Springer-Verlag, Berlin, 1975, p. 123.

2. ). C. Dainty, “Detection of Images immersed in Speckle Noise,” Optical Acta, Vol. 18, 1971, pp. 327-339,

). A Kormaand C. R. Christensen, “The Effects of Speckle on Resolution,” Journal of the Opiical Society of America, Vol.

66, 1976, pp. 12571260,
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Figures 10 and 12, the original photographs
are reported in enough detail so that one
can independently establish results on other
important questions that are beyond the
scope of this report. An illustration of the
latter is a count of false-alarm rates for
varicus sizes of low-contrast images.

An excellent account of detection theory
applied to the problem of detecting small
images immersed in a background of laser-
produced speckle is given by Dainty.” The
density functions for some important cases
of monochromatic illumination that has
been speckled are given by Goodman.®

This consideration is limited to a study of
the two main types of speckle noise which
are likely to be encountered in laser and
microwave ranging systems. However, the
speckle noise is described in general terms,
abstracted away from any specific system,
so it is hoped that the results will be
generally applicable for system design.
Specifically, the following two classes of
speckle noise are considered: one arises
from the superposition by intensity of N-
independent fully developed speckle
patterns, and the second occurs with the
coherent superposition of a diffuse (fully
developed speckle) beam and a plane wave
beam.

An expression is derived for the
minimum detectable gray level which is
observable as a function of the speckle
noise present in the imagery. In a practical
system the origin of the speckle which we
treat is due to the reflection of a
monochromatic wave by some diffuse
object, including the convolving effect of
the input scanning or other effective
aperture. While considerable interfacing is
required in the usual system for this input
speckle noise to manifest itself as noise in
the display, we circumvent this
specialization by means of a simple laser
analog experimental configuration. This is
shown in Figure 1 and 1s described in detail
in a later section of this report.

In our research the study of speckle noise
as it influences contrast detectability is new.
With an adaptation of Rose's test chart,” we
study threshold lLimits of discernible
contrast as the statistical parameters of the
illumination are varied. The transmission
chart is composed of an array of circular
densities varying in transmissivity along
one axis and in diameter along the other, as
shown in Figure 2. Having various densities
and areas on a single chart greatly
facilitates the recording of speckle images,
since the numerous inevitable fluctuations
then occur simultaneously to all data.

4. ). W. Goodman, “Statistical Properties of Laser Speckle Patterns,” Laser Speckle, J. C. Dainty, ed., Springer-Verlag,

Berlin, p. 9.

5. Albert Rose, Vision, Human and Elecironic, Plenum Press, New York, 1974,
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Study of smoothing by area and
measurement of contrast leveis follows
readily from this chart, as is detailed below
in the explanation of Figures 6 through 9.

For images in speckle, detection or
resolution can be expected to improve if
independent intensity patterns, or looks,
are superimposed. This is well known and is
readily explained based on the fact that the
fluctuation o, in the mean value of the sum
of N-independent terms is smaller than the
rms value of a single term o,. The smoothed
value for the standard deviation is o, =
o;,/N“.

The same basic notion is applicable to
image area. Hence, if an image has a gray
area which encompasses many speckles,
there is a tendency for a viewer to average
over the intensity fluctuations. In brief,
larger areas of low contrast are more likely
to be detected than smaller ones. This
improvement should be related to the
number of independent looks, areawise,
given by A s’. where A is the area of
constant gray level and s is the lineal
dimension of a speckle in the image.

Thus. the parameter o.s/[<u>A'‘} is
proposed as a criterion fcr minimum
detectable contrast, as given in Equation
(11, where a, is the rms fluctuation in the
illumination at the image and <<u> is the
mean value of this intensity. Using this
notion we consider the equivalence, insofar
as Uiscernible contrast, between sources
having equal values for this ratio. While a

- ———
———— —
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good understanding of the variation in the
threshold of detection with illumination
statistics is obtained using this ratio, one
should consider it as an approximate
guideline. Two factors prevent a rigorous
interpretation. One is that with differing
density functions and nonadditive noise,
actual explicit calculations of gquantities
such as detection probability, false-alarm
rate, etc., proceed in a more fundamental
way simply by using the more complete
statistical functions. Signal-to-noise
characterizations can lead to
inconsistencies.” The second is that human
observers are used to establish the detection
thresholds, and there are many subtleties in
perception which have never been
characterized algebraically.

The results on minimum detectable
contrast at vartous areas give useful data
against which one can test various
hypotheses about averaging and correlation
trends in human vision. These are beyond
the scope of the present report.

2. SPECKLED IMAGES

While speckle-degraded imagery occurs
in a wide variety of radar systems from
microwave to optical and including :he
newer submillimeter systems, the specific
sources of the imagery are not discussed in
this section., Here we consider a
transmission mask T(x,y) which has simple
circular disc patterns. This is illuminated by
monochromatic laser light and the speckle
is introduced in a controlled way using a

i T
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diffuser in the illuminating light. The object
transparency is imaged, as shown in Figure
1, through a pinhole or small aperture
which has the effect of increasing the
speckle size so that it can be
photographically recorded and studied with
relative ease independently of film grain
size. In the theory below, it is shown how
speckle noise and its smoothing in complex
imaging systems can be directly related to
our results using a simple transmission
chart and controlled laser illumination.

Consider the one-dimensional
transmission function shown in Figure 3.
The relatively clear background is shown by
T, with a step decrease in transmission to
T,, for the length interval X. The incident
illumination intensity is denoted by u(x). A
simple imaging lens system is used to give
the final speckled image. The light intensity
I(x) recorded as signal at an arbitrary
position x is given by

I(x) = Tyulx). (h

The fluctuation in u(x) caused either by
source unevenness or the interference
phenomenon known as speckle is
characterized by a density function f(u).
The size of the speckle in the output plane is
controlled by the aperture sice D, being
approximately given by (A/ D)L, where A is
the illumination wavelength and L is the
distance from the second lens to the image

recording plane. A second-order density
function f(u,, u;) is necessary to describe
these spatial characteristics in detail.
However, here we need only to know how
many speckles occur per unit area and how
to compute the smoothed variance in a
sample mean from the single element
variance o, and the number of independent
samples N (i.e., by o= of/N). Hence, in the
analysis herein, a knowledge of the first-
order density f(u) will suffice. For
interesting specific problems where a
knowledge of second-order densities or
correlation functions is useful in the study
of imaged speckie, the reader is referred to

the literature."">***

For the intensity u and its density f(u),
the usual notation is summarized below for
the mcan, mean-square, variance, and
characteristic function, respectively:

W= [ ustde, (2)
Whe [ utrtdu, (3)
ol = (i) - (u), 4)
Fob= [ i) e du (5)

In the image intensity given by Equation
(1), there is a noise or fluctuation in
intensity o), as follows:

6. N.Geargeand A Jain. “Spece and Wavelength Independence of Speckle Intenuity,” Applied Phvsicy, Vol 4,1974, pp. 201 -

212

el




a,= T\o,. (6)

To detect the change in signal which results
from a step in transmission, T; to T\, the
following inequality should be met:

(Ty- Tua fo (T« Tp. (M

To include the effect of threshold-setting
cnteria of vanious types, let O., denote the
observer’s signal-to-noise factor. Then in
consideration of false-alarm rates, if
tangential signal levels are set or if
observer-to-observer variability is to be
studied. these effects are lumped into O,
and Equation (7) becomes

(T\ - Tydu=-0,,0,Ty, (8)

where the average transmission value is
denoted by T,: = l: (T, + T2

While Equation (8) is written for point
detection, it is clear in looking at an image
of our version of Rose’s test chart, Figure 2.
that an observer visually averages over the
disc area A which contains a number of
fluctuations in intensity u. If the shape is
intricate. undoubtedly the observer's
processing 1s complex. For convenience in
analysis. we consider the following simple
model. Let the observer-model perceive the
intensity given by the sample mean of u.
For a speckle length s and an area A, over
which the transmission is fixed at Ty, there

are N independent samples given bv

N=:W/sHM, 9

M is the number of looks arising as
independent speckle patterns are
superimposed. These are independent if
different diffusers are used, i.c., different
members from an ensemble. Uncorrelated
speckle patterns can also be obtained by
moving the controlling pupil if it is
translated in its plane by onc or more
diameters D,

The assertion that the number of
independent samples over the area A is
given by dividing A by the average area of a
speckle. i.c.. approximately s°, is an entirely
separate ma:ter. If by s, one means the
characteristic length determined by the
spatial fali-off of the second-order
correlation function, then there is no
ambiguity, However, if one takes s =
(A D)L. then the following physicai
argument is appropriate. In image plane
speckle, intensity fluctuations corres-
ponding to speckles arise from the
diffuser properties mapped to the image
plane on a resolution-by-resolution ceil
basis. Hence. for a diffuser close to the
object itself with the fine scale roughness of
opal - glass, the diffuser’s roughness has a
correlation length which is much smaller
than the size of a resolution cell referenced
to the object plane, and the speckle size in
the output plane is almost entirely
controlled by the resolution ceil. Thus, in
the image plane the pattern is decorrefated
on a speckle-to-speckle basis. just as one
would surmise from a casual visual
observation. This topic is discussed more
fully elsewhere.®
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Averaging over the area A, and using
Equations (8) and (9), we can write the
detection criterion for the gray scale change
Ty - Ty as follows:

0,0 ThA
(T, - TO(A - saes W - ()
o YEME
In an exact analysis of detector smoothing,
Goodman' has calculated a factor m,
which can be substituted into Equation (10)
12

for more accuracy, i.e., m =
<u>A'*/(0us).

With Equation (10) one can consider a
variety of problems. If there is nonlinear
processing, then the total signai given by
(T:-T) <u>A should be used in the
argument of the function which describes
the processing. This is the rationale for
including the A on both sides of Equation
(10). Again, in the problem of calculating
the minimum number of photons required
to enable one to see slight changes in object
contrast, given by (T:-T1);/ T1:2, one uses the
total number of photons from A. For white
light if the total number of photons
associated with <u> T,A is n., then the
variance term o,T/A is (n,)'’. In
detecting images with the ratio g,/ <u> =
1/(no)'?, several interesting consequences
are described by Rose.' Neither of the
problems described above is treated further
in this report.

Herein we consider systems operating at
high fux levels using monochromatic light.
For this situation the ratio of a,/<u> is
established by a consideration of the

10

interference phenomenon alone. Hence,
Equation (10) is rewritten in terms of
detectable contrast in the image (T»-T,)/ T,
as it relates to the “effective contrast™in the
source illumination denoted by the ratio
oy, <u>. The resulting expression is

LD-T 5 %y 1 (n
Te O AA7HT -

J. STATISTICS OF THE
ILLUMINATION IN THE
IMAGE PLANE

In order to have data on threshold
detection for a wide variety of systems, it is
important to use a variety of source
configurations. The many specific systems
used in optical processing, ranging,
scanning, and holography are too
numerous and varied to permit any sort of
exhaustive listing. Just listing systems of
interest in speckie smoothing takes several
pages of textual description to explain.'

Our approach is to specify the density
function and the contrast ratio of the
illumination referenced to the output plane
in the absence of a test object. While only
one type of nonscanned, fully illuminated
object is considered, the results will be
applicable to any system having the same
statistics in the illumination at the image.

In this context one should note that
object roughness controls the degree to
which speckle develops. And, of course,

P N ST S © VO . A S
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object reflectivity in comparison to the
surroundings defines a gray level or object
contrast. Scanning spot size or transmitter
and receiver beam sizes control the speckle
dimension. Thus, in an attempt to
encompass a variety of systems, we study
the detection of low-contrast objects for
several different density functions of image

illumination,

It is interesting to study the minimum
levels of contrast which can be detected in
objects as a function of the different types
of noise. From Equation (I} it is
concluded that as long as the spot size A
and the speckle size s are unchanged, one
needs only to specify the ratio o,/ <u> for
the source itlumination in order to calculate
the detectable contrast level. As a./<u>
increases the detection is degraded. As is
well known for fully developed speckle, this
contrast ratio is unity; and the detectable
(T:-T1)/ T2 is poor, i.e., high. Also, it is
fevel independent. Hence. increases in
intensity <u> do not improve this situation
at all. This is contrary to our experience in
the white light case for which, as explained
above. the ratio o, <u> decreases as the
root of the intensity of illumination (see
Tahle 1. Fortunately, with monochromatic
illumination there are many technigues by
which speckle can be minimized and also

Newcastle upon Tyne, England, 1970

many situations in which the speckle
initially is not fully developed.
Nevertheless, it remains as a possible
serious degradation factor; and it s
important to understand in basic terms so
that it can be minimized or smoothed in an

efficient way,

The statistical properties of the
illumination in the image plane are

reviewed below.**’

A. FULLY DEVELOPED
SPECKLE

Ir this case the plane wave beam in
Figure 1 is blocked and the test pattern is
illuminated using the argon laser-opal glass
diffuser with polarization analyzer as
shown in Figure | to eliminate any cross-
polarized component which may occur.

For speckle in the image plane of the test
pattern with the basic configuration shown
in Figure [ and with R = 0, the electric field
at any position is a complex-valued random
walk, With an opal glass diffuser the
number of independent fluctuations in
phase per resolution cell, referenced to the
object plane, is large. 1t is further asserted
that the opal glass is thick enough or the
diffuser is rough enough, to give an rms-

1. M Burch, “interferometty with Scatterad Light." in Optical Instruments and Techniques, J. Home Dickson, ed., Oriel,

1 D Briers, "A Note on the Statistics of Laser Speckic Patterns,” Optical Quarium Electronics. 1975, pp. 422424

A Papouls, Probability, Random Variables. and Stochastic Processes, McGraw-Hill Book Company, New York, 1965,
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deviation in phase much larger than -
radians. The scalar component of electric
field in the image plane has a well-known
statistical description.”””"’ From the
central limit theorem it follows that the
density function for the electric field is
Gaussian. The real and imaginary
components of this complex-valued field
are normal, independent random variables
with zero means. The probability density
function for the absolute value of this field
is the Rayleigh density. From this, it
follows that the density f(u) for the intensity
u is given by the damped exponential:

£l = (e™/*/a)Hn), (12)

where H(u) is the unit step

Ql, u»0,

H(u)».-'o (13)

u<0,
The density, average value of intensity
<u>, variance os, and contrast ratio Cy are
given in Table 1.

B. SUPERPOSITION OF N-FOLD
SPECKLE INTENSITIES

A very important method for smoothing
speckle is simply to combine independent
intensity patterns linearly. If photographs
are recorded as different diffusers are
inserted, then one approaches this result. In
this case the sample mean u is defined as
follows:

1= (LN oy g e o+ +aty), (14)

Asserting that the u, are independent then
by Equations (5) and (14), we have the
characteristic function for u given by the
product of the characteristic functions for
the uy, as follows:
{exp(imue) = (exp(ime, /N)) - - - {(exp(inuy /N)).
(15)
From Equation (12), the density function for
the kth component is ¢

L) = (e™/*/a)H(u); (16)

and by Equation (15), the appropriate
Fourier transform Fi(n/N) is given by

R(2)= [1tw e rnt)an,
F.(ﬂ/m -"(l- iﬂa/‘V)". (17)

Since the transforms in Equation (17) are all
equal, the N-fold product which is the
characteristic function for the density of
u is given by

Fin} = [(1 = ina/N1p. (18)

This is inverted using Equation (3.382.7) of
Gradshteyn and Ryzhik'® to obtain

S = [NV esve/g"(N - DU IHGY.  (19)

From the basic definitions and using
Equation (3.381.4) of Reference 10, one can

10. 1. S. Gradshteyn and 1. M. Ryzhik, Tables of Integrals, Series, and Products, Academic Press, Nev' York, 196S.




obtain any order of moment <u™>. For the
mean, mean square, and variance,
respectively, we find the following
expressions:

(u)‘=a, Wh=01+1/Na?, ol=ad/N. (20)

These results are also presented in Table /.
Comparing the contrast ratios for white
light and for this case of N-fold
superposition, we note that there is a direct
analogy between variation of photon flux in
white light and the number of independent
looks for fully developed speckle. This
correspondence is borne out as is seen if one
compares threshold-detection photographs
at low intensities in white light® to the data
presented in Sections 5 through 7.

C. FULLY DEVELOPED
SPECKLE BEAM ADDED
TO A MONOCHROMATIC
PLANE WAVE

Several authors have treated the prob-
lem of calculating the density function for
the intensity when a diffuse beam is in-
terferometrically added to a mono-
chromatic plane wave.' Careful measure-
ments of the intensity resulting when
a laser beam is transmitted through
opal glass of varying thicknesses show
excellent agreement with the theoretical
density functions for this case.'' In the

experiments reported in this paper, the
configuration used is ideal. The thick opal
glass diffuser creates a fully developed
speckle pattern, and the use of a completely
separate channel for the interferometric
addition assures us of a precisely known
beam ratio parameter K. In this case the
density function is given by

S(0) = expl= G+ ug) /u, 1 16{2(te ugh'®/u, | H(u) /u,,
(2n
where u, is the intensity of the plane wave
reference and u, is the average intensity of
the fully developed speckle component
measured in the image plane. The function I,
is the modified Bessel function of order zero.
The beam ratio R, defined in Equation (22),
is a highly controllable easily measured
parameter. R is given by

R=uy/u,. (22)

D. BEAM RATIO AND THE
NUMBER OF LOOKS

From Equation (11), the minimum,
detectable contrast (T:-T.)/ T2, is
proporticaal to the ratio Cr = o./<u>.
Hence, from Table 1, it is expected that
approximately the same degradation should
result in the minimum detectable gray level
in case (ii) or (i) if one equates their
respective Cr parameters, as follows:

1/NY2 2 (14 2RV /(14 R). 3

11. N. George, A. Jain, and R. D. S. Melville, “Experiments on the Space and Wavelength Dependence of Speckle,”

Applied Physics, Vol. 7, 1975, pp. 157-169.
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Solving for R in terms of N gives the
following equivalence:
RaN=-1+[N(N-D]/Y Ra2N-1.  (24)
It should be emphasized that the density
functions in these cases need not be equal. In
fact, for small values of N the density
function in Equation (19)is not even close to
that in Equation (21) for the corresponding
beam ratio R given by Equation (24).
However, since the noise fluctuation is
characterized by the rms deviation a.. if two
distinct noise sources have equal ratios of
0,/<u>, then one should anticipate
approximately equal limits in detectable
contrast. This is an interesting conjecture
since the configurations used to obtain these
two distributions are generally quite
different. Also in some practical systems, it
may be meaningful only to obtain speckle
smoothing by an N-fold superposition,
whereas in the laboratory simulation it is
much easier to add coherently a controlled
level of plane wave reference.

4. THE EXPERIMENTAL
SETUP

In order to establish the criteria for design
of coherent imaging systems that will
encounter low-contrast objects, the laser
analog experimental configuration shown in
Figure | was used. This setup, which
employs an adaptation of a test pattern
developed by Rose’® as an object, offers a
simple and convenient means to evaluate
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threshcld limits of discernible contrast as the
statistical parameters of the illuminationare
varied. The effect of speckle noise in the
imagery, as it influences contrast
detectability, may be studied in a controlled
manner by the use of a diffuser in the
illuminating light and a variable-size
aperture in the imaging system,

The transmission test pattern, shown in
Figure 2, consists of a Cartesian array of
circular discs varied in transmission along
the x axis but of fixed radius; while along the
y axis it is varied in radius by factors of two
at fixed density. The actual transmissions
and diameters obtained in the mask are
shown in Figure 2. For the experiments
reported in this report, two test patterns
containing different ranges of density were
constructed by illuminating 649F glass
plates with white light through a step wedge
and a set of holes drilled in a thin metal plate.
The glass plates were then developed in
POTA developertogiveay of 0.9. (POTA is
composed of 1-phenyl-3-pyrazolidone, 1.5
g; sedium sulfite, 30 g; and cold water (25°C)
to make 1000 cm’) Subsequently, the
sensitizing dye was removed from the plates
by immersing them into a 30% solution of
pyridine. The actual measured transmission
factors, Ti, and disc diameters used in the
experiments are listed in Figure 2. Plate |
was used in the experiments unless noted
otherwise.

Each transmission test pattern was
installed in the object position of the optical
system shown in Figure I and illuminated
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with light from an argon-ion laser operating
at 0.488 um. Initially, the laser beam was
divided into two parts whose intensities
could be controlled independently to any
desired level by variable attenuators. Each
beam was then expanded and collimated.
Speckle with controlled polarization was
produced in one of the beams by means of a
Kodak 500 um thick opal glass diffuser
followed by an analyzer to select one
polarization component. Subsequently, the
two beams were added coherently at a beam
splitter as shown in Figure | and used to
illuminate the test pattern. The collimated
plane wave beam was blocked in
experiments requiring only diffuse
illumination.

The transmitted signal was recorded on
Polaroid film using a telescope with unity
magnification consisting of two 629-mm
focal length /5 lenses: L, and L2 in Figure I.
Imaging through a sufficiently small
aperture had the effect of increasing the
speckle size so that it could be
photographically recorded and studied with
relative ease independent of film grain size.
Apertures of 200-, 400-, and 600-um
diameter have been used in these
experiments. The 600-um aperture
produced speckle in the imagery
approximately equal in size to the smallest
(0.88-mm diameter) disc in the test target
and was used in all experiments unless

otherwise noted.

The linear speckle dimension, s = Af/D,
where f is the focal length of lens L; and D is

the aperture diameter, was 0.5 mm when the
600-um diameter aperture was used. For all
images recorded and displayed in this
report, the film exposures were adjusted to
stay within the linear portion of the film
response.

5. ILLUMINATION LEVEL
AND IMAGE QUALITY

With reference to Tuble 1, it is noted that
the white light image improves greatly as the
light level increases. This is well known, and
commonly with degraded or noisy images
the first remedial action is to increase the
illumination from the source. For
monochromatic illumination with N-looks
it is seen from Case 11.2. of Tahle I that the
role of N in decreasing the illumination
contrast ratio is analogous to the role of the
photon flux, n,, with white light. Thus, toa
large extent, research results in which white
light is used can be expected to have this
direct analogy in the case of monochromatic
illumination, i.e., photon flux in the white
light case acts in direct analogy to the
number of independent looks using
monochromatic illumination. In this
context the experiments in white light shown
in Figures 1.6 and 2.6 of Rose’ show a
striking similarity, as regards both detection
and image quality, to data presented here in
which monochromatic light is used.

Using this analog we would expect the N =
! case, termed fully developed speckle, to
result in very badly degraded images. Of




course, the analogy is not essential in this
case since the contrast ratio of unity
corresponds to a signal-to-noise ratio of
unity. This is known a priori to yield poor
image quality.

But now notice that the contrast ratio Cy
= | is computed without regard to the
illumination level of the laser. Does this
mean that the image quality is independent
of brightness once the illumination is above
the thermal fluctuation level? The answer is
yes, and this is shown in Figure 4 where an
exposure range of 16:1 is used. Almost no
difference is observed in which of the gray
discs are seen as the exposure is increased
from E = | to 16 (relative units).

While this result is not new, photographs
demonstrating this effect have not been
found in the published literature. Of course,
one must keep the illumination above the
photon flux noise and helow the saturation
levels of the film, and in Figure 3 the E = |
value is too low. A common misconception
in laboratory technique with speckled
imagery is to find the “optimum™ exposure
level with meticulous care to record data
over the entire dynamic range of the film,
From Figure 4, it is clear that a better
procedure is to expose for the mid-range of
the film since no amount of darkroom
artistry is going to provide good image
illumination is

quality when speckle

degrading the imagery.

6. EXPERIMENTS WITH
VARYING SPECKLE SIZE

As noted in the lntroduction.\‘, in the
perception of a disc of constant gray level in
speckled imagery of our version of Rose’s
test pattern, Figure 2, an observer visually
averages over the intensity fluctuations due
to speckle encompassed by the disc area. If
the shape is intricate, undoubtedly the
observer’s processing is complex. For
convenience in analysis, however, consider
the following simple model. Let the observer
perceive the sample mean of the intensity u.
We assert that, for disc area A and average
lineal speckie dimension s in the image
plane, the visual averaging process is
equivalent to taking N independent samples
given by N = A/s’. The assertion that the
number of independent samples over the
disc area is given by dividing A by the
average area of a speckle, i.e.,
approximately s’, requires that the speckle
pattern be decorrelated on a speckle-to-
speckle basis. A detailed discussion of this
point is found in Reference 8. Goodman*
obtains a similar result when evaiuating
speckle smocothing by a finite detector
aperture. While our approach is not
analytically precise, it can be used to
estimate the smoothed variance in a sample
mean of the intensity, o, using the singie
element variance o; and the number of
independent samples, N, from o = g,/(N)"?
= 0,5/ A" Thus the fluctuation in the mean




value of u perceived by the observer is
smoothed by an amount which depends on
the relative size of the disc and the speckle.
From this simple argument we conclude that
for low-contrast images in speckle, the visual
detection process should be expected to
improve as the image area increases or the
speckle size decreases.

In order to study this notion
experimentally, three sets of images of test
pattern, Plate 2, Figure 2, were recorded
with each set having different speckle size.
The speckle size was controlled by adjusting
the diameter of the aperture in the imaging
system shown in Figure 1. The 600-, 400-,
and 200-um apertures used for the set of
images shown in Figure § produced speckle
in the imagery having lineal dimension, s =
M/ D, 0f 0.5,0.75, and 1.5 mm, respectively.
The images shown in the first row of Figure 5
were recorded without speckle and indicate
the system resolution with each aperture.
Note that with the 200-um aperture in place,
the smallest (0.88-mm diameter) disc in the
test pattern resolved. The
striations visible in these images are due to
inhomogeneities in the emulsion of the test

is not well

pattern.

The set of images displaved in the second
row of Figure 5 show the effect of speckle
size on the visual detection process.
Columns 4 through 8 of test pattern, plate 2,
are shown. It is noted that with the 600-um
aperture, rows | and 2 of the test patternare
detected reliably. The row 2 diameter is 7

times the speckle size while row 3, which is
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detected with some difficulty, is a factor of
3.5 times the speckle size. As the speckle size
is increased to 1.5 mm in column 3 of Figure
5, both rows 3 and 2 of the test pattern
disappear while row | remains easily visible.
The disc diameter in row 2 of the test pattern
is 2.4 times the speckie size while row 1 is 4.7
times the speckle size. Clearly, for a given
speckle size, the larger the area of the disc,
the easier it is to detect it in the image. These
observations are in good agreement with the
prediction by Dainty (top-hat or high-
contrast case) of 95% detection probability
for an image diameter of four times the
speckle size.’

The images displayed in Figure 5 show the
improvement in detectability achieved from
speckle smoothing by superposition of
independent speckle patterns in the manner
discussed in Section 7.

7. COMPARISON OF MUL-
TIPLE LOOK METHODS
FOR SMOOTHING

A. INTENSITY SUPERPOSITION
OF N LOOKS

For the addition of speckle patterns onan
intensity basis with the plane wave reference
absent, R = 0, three separate methods were
used. While they are by no means identical,
under controlled conditions, they were
found to give essentially equivalent results
with regard to minimum detectable object
contrast, speckle contrast, and image

appearance.
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B. N-SEPARATE OFAL GLASS
DIFFUSERS USED

In the ensemble of N-diffusers method, a
different opal glass diffuser was used to
produce the speckle field for each exposure.
Images of test pattern, plate 1, Columns 1-7,
formed by multiple exposure recording for
N =1, 2, 4, 8, 16 independent speckle
patterns are shown in Figure 6. The array of
discs illuminated is four rows by seven
columns. With reference to Figure 2, the
transmission values run from 0.88 to 0.047.
The most dense column (0.018) has not been
illuminated. Note that row 4, for which the
disc diameter isabout equal to a speckle size,
is not detected at all in the one-look case due
to the high false-alarm rate. In the original
photographic data two or perhaps three of
the row-4 discs are seen but only when N =
16. It is clear that one can read,
quantitatively, the variation of threshold
contrast as a function of N for a fixed size of
disc. Average data of this type from several
observers are included in Figure 10.

In the event that printing has changed the
resolution, some of the above discussion
may have been confusing. However, the
larger discs should be printed more legibly.
Thus, centering attention on the largest
discs, one should see all but the lowest

contrast at N = 16, losing one by N =4 and
another at N = [,

C. CASCADE OF TWO DIF-
FUSERS WITH MOTION

The cascaded diffusers technique involved
placing a sheet of Kodak fine ground glass
behind the opal glass diffuser and moving it
between exposures. The diffusers are moved
relatively slightly between the multiple
exposures on film. This method has

Iz., . v
M3 and so it is

practical importance,
interesting to compare to the ensemble-
average method described above. To obtain
good decorrelation of speckle, care must be
taken to insure that neither diffuser has a
specular component or hot spot. If it does,
then in moving only one diffuser, some
residual correlation exists and a more
complex analysis is required to derive the
statistics.' With imperfect diffusers the
general case which needs to be analyzed is
that in which N-fold partially correlated
patterns are superimposed together with a
plane wave reference.

Another subtle departure occurs if the
temporal coherence length of the laser is
relatively low, e.g., an etalon for single
moding is not used. Then the diffuser
cascade will give speckle of lowered contrast

12. S. Lowenthal and D. Joyeux, “Speckle Removal by a Slowly Moving Diffuser Associated with a Motionless Diffuser,”
Journal of the Optical Society of America, Vol. 61, 1971, pp. 847-851.

13. E.G.Rawson, A. B, Nafarrate, R. E. Norton,and ). W. Goodman, “Speckle-free Rear-Projection Screen Using Two Close
Screens with Slow Relative Motion," Journa! of the Opiical Society of America, Vol. 66, 1976, pp. 1290-1294,
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due to the larger path differentials which
occur, i.e., light reaching a given point on the
opal glass comes from many points on the
ground glass, travels for significantly
different path distances, and results in a
partial loss of coherence in the illuminating
beam.

Nevertheless, if suitable care is taken, data
for N-fold superpositions are essentially
indistinguishable from that shown in Figure
6. Figure 7 shows the results of
superimposing up to 128 images formed
using different positions of the cascaded
diffusers. Columns -7 of test pattern. plate
1, are shown.

D. N-POSITIONS OF THE CON-
TROLLING PUPIL

In the third method for obtaining
independent speckle patterns the aperture
shown in Figure | was moved a distance
equal to several times its diameter between
exposures. Due to convenience this method
was used to obtain the data on resolution
and detectable contrast for multiple looks
presented in the following sections.

To make the speckle size large enough so
that film grain effects are unimportant and
so that the speckle is comparable to the
smallest disc size, a small pupil is used
(Figure ). Moving the pupil in the plane by
its own diameter (or by a few diameters) is
adequate to decorrelate the speckle. First we
discuss the N-fold averaging using this
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method and second, we present data
showing averaging over a range of N from |
to 128.

An any point in the image plane, the
electric field can be written as a summation
over a small resolution cell centered at the
corresponding point in the object plane.
With the unity magnification in the system
shown in Figure 1, ¢ pu;i' size D gives a
speckle size s and an impulse response w on
the order of w = s = AF/D, where F is the
focal length. How much should we move the
pupil? A mathematical answer is given by
Equation (4.9) of Reference 1. Herein, we
present a simple physical description.

Consider the field emanating from only a
single resolution cell in the object. The
transverse correlation length of this
radiation as it crosses the plane of the pupil
is on the order of AF/ w=D: but of course,. it
is the pupil size! Thus, moving the pupil by
several times D gives rise to a spatially
random selection of brights and darks for
the particular image point. Sirnce the same
portion of the opal glass diffuser gives rise to
the entire N-fold intensity samples at its
corresponding image position, it is
reasonable to think of this as a spatial
sampling of the far-field speckle pattern due
to the diffuser of size w. Thus, in establishing
experimentally that the pupil motion leads
to a smoothing which is essentially equal to
that for thc ensemble average, we provide a
direct verification of the applicability of the
ergodic hypothesis to this problem.




T

Test photographs for this method are
shown on the left-hand side of Figure 8.
Images of the test pattern, plate 1, were
formed by multiple exposures on Polaroid
film in the image plane of Figure l. Only
diffuse illumination was used; the uniform
plane wave beam was blocked. A 600-um
telescope aperture was used in the imaging
system and was displaced 2 mm between
exposures to produce independent speckle
patterns. The exposure times were adjusted
to correspond to the linear part of the film
response curve. This facilitates reading data
from the photographs, aithough the
detectability is independent of exposure
value. Index markers, 1-8, in the figure refer
to the test chart column numbers in Figure 2.
The N superimposed images of the test chart
shown in the left-hand columns of Figure 8
can be seen to give equivalent results to those
for methods one and two shown in Figures 4
and 5. Data from the photographs in Figure
& were used to plot the curves in Figure 10.

8. WULTIPLE LOOKS BY
POLARIZATION
DIVERSITY

It has previously been shown that thick
opal glass diffusers, such as the 500-um
diffusers used in these experiments, produce
nearly complete depolarization of the
transmitted light and the perpendicular
components of polarization yield
uncorrelated speckle fields.'* Therefore an

image of the test pattern illuminated by the
diffuser is equivalent to a superposition of
two images with independent speckle
patterns. This equivalence is demonstrated
in Figure 9. Columns 1-6 of the test pattern
are shown. Figure 96 shows a multiple
exposure formed by moving the aperture in
Figure | between exposures to produce
independent speckle patterns. An analyzer
was placed after the diffuser, as shown in
Figure [, to allow only the vertical
component of polarization to illuminate the
test pattern. To form the image shown in
Figure 9a the analyzer was removed
producing two uncorrelated speckle
patterns for cach position of the aperture. In
this case only four exposures were required
to produce eight independent superimposed
patterns. It is seen that the minimum
detectable contrast for each row is the same
in Figures 92 and 9b demonstrating the
validity of using polarization diversity for
speckle averaging. In all cases in which
multiple superpositions of speckle fields
were made, the analyzer was removed to
reduce the number of exposures required by
factor of two.

9. MULTIPLE LOOKS AND
THE SPECULAR BEAM
RATIO

The effect on image detectability of N-fold
superpositions of independent speckle
patterns is shown in the left-hand side of

14. N.George, A. Jain.and R. D. S. Melville, Jr.,“Speckie, Diffusers, and Depolarization,” Applied Physics,Vol. 6, 1975, p. 65.
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Figure & The lowest density disc detectable
in each of the
determined for cach value of N and the

row test pattern  was

results from observations by several

individuals
contrast ratios are shown in Figure 10. T is

were averaged. The object
the transmission of the disc and T is the
transmission of the background. The object
contrast is (T:=T1)/ Trz, where Ty =% (T, +
T:). The points at N = % were obtained by
continuously moving a ground glass diffuser
behind an opal glass ditfuser during the
correspond to the

exposure and

noncoherent case.

For equal illumination contrast ratios,
Ck. obtained by different speckle smoothing
techniques, the minimum detectable object
contrast (T>-T\) ' Ty2, should be
approximately equal. From the expressions
for Ck in Table I the illumination contrast

ratios

ratios are found to be cqual for speckle
averaging by superposition of N
independent speckle fields and for the
addition of a specklie beam to a plane wave
reference beam when
RuN-1+VN(N<1) . (25)
The right-hand side of Figure 8 shows
images recorded when the test pattern was
illuminated with the plane wave coherently
added to the diffuse beam at the beam
splitter shown in Figure 1. Their electric field
vectors are collinear. The ratios of plane
wave to diffuse beam intensity R u./u,, used
in recording the images were calculated from
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Equation (25), using the values of N in the
left-half of Figure 8. The index lines labeled
1-8 are to identify positions on the
transmission mask reading from right to left
in Figure 2. Separate photographs were
taken foreach R valuein order to include the
full range of disc transmittances and also to
provide an independent photograph with
some data overlap. Images covering a
greater range at R-values are shown in

Figure 11.

The threshold level of detectable contrast
is plotted versus the beam ratio in Figure /2.
These data were obtained from Figure 8.
using several observers who were instructed
to decide whether or not they detected a disc.
These should be
preliminary since numerous human factors

curves viewed as
which are important in such testing were
largely ignored. For example, there is a
considerable difference between the
threshold of detection and object
recognition, and it was clear during the
testing that this caused some spread in the

data.

It is seen by comparing the images in
Figure 8 that the object detectabilities and
speckle contrasts are approximately the
same for the N-look images and the speckle
beam plus plane wave beam images. The
measured deviation from equivalence of the
minimum detectable object contrast for the
two methods of illumination is shown in
Figure 13. This plot illustrates that slightly
lower contrast discs are detectable in the
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two-beam method than for the equivalent
[by Equation (2)] N-looks. This is expected
from the lower speckle field contrasts for the
mixed beam imagery seen in Figure 8.

Figures 10 and 12 are examples of how
one might use the experimental technique to
obtain design parameters for a coherent
imaging system. From Figure 10 we see that
if the speckle size is equal to the object size
we must detect, then 4-looks must be made
before an object with maximum contrast can
be observed. The same data however shows
that we can trade resolution for minimum
detectable contrast, i.e., by reducing our
resolution requirement by a factor of four
we can observe a minimum detectable
contrast of 0.9 with 4-looks.

The data shown in Figure 12 can be used
in the
performance. For example, if the diftuse
component reflected from an ohject is 100
of the specular reflection, then we can
determine the minimum detectable contrast
at different resolutions for R = 10.

same way to evaluate system

PROBABILITIES OF DE-
TECTION, FALSE
ALARMS AND MISSED
SIGNALS

10.

The regular spacing of the test pattern
used in determining minimum detectable
conveys a strong clue to the
observer. This
squelches the false alarm and missed signal

contrast

probability somewhat
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rates and invalidates its use for testing these
aspects. A transmission test target consisting
of a random array of discs was therefore
designed. A random two-dimensional array
of points, such as that shown in Figure 14,
was generated and plotted by a computer.
This was used to construct an array of discs,
all of the same diameter and contrast. This
array was used as the input to the optical
system in Figure | and a set of images
recorded for different values of N, R or

speckle size,

Observers werd shown a disc of the same
contrast and size as those in the test pattern
and asked to locate all similar discs in the
images. Probabilities for detection, Py,
missed signals, Py, and false alarms, Py,
were defined as

no
PD - n
n-n
= =1-P
n
F
Pe = —5— (26)

where n is the total number of discs in the
test pattern, n, is the number correctly
located. and n; is the number the observers
thought they saw which were not on the test

pattern.

Images of 1.77-mm-diameter high
contrast discs. (T:-T1)/ T\> = 1.97, are shown
in Figure 15 for values of N upto N=8. The
probabilitics from observations by a group
of individuals are plotted in Figure 16. From
Figure 10, a minimum detectable contrast of
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1.97 for a 1.77-mm-diameter disc
corresponds to N = |. In Figure I6 at N = ||
the detection probability is 50%, indicating
that the knowledge of disc location in the
regular array increased the observer signal-
to-notse fuctor, as would be expected.

T he detection process by observers can be
maodeled as a search over the image torarcas
ol hnowa size having average density salues
Iving within a defined range or window. In
detecting the high-contrast dises. the
observer is required to set only the upper
density threshold defining this window: the
lower value s eftectively zero due to the
hiated  dynamic range  of the image
recording medium. Figure 1™ displays the
intensity probabthity density, piuy when no
signal s present. For small values ot u, pu)
decreases with Novieldinga correspondingly
rapwd increase in detection probabihity and
decrease an labwe-alarm probabiity. For
high-contrast targets, ve.. when target uos
much less than <Lu.> a discussion of single
threshold  machine  detection of - high-
contrast dises has been given by Dainty and
the results may be qualitativeiy uppheable to

this simphitied visual model

Images ot | 77-mm-diameter dises with
contrast, {1:-T ) T.: ot 023 yre shown n
Figure 18 and the detection probabilities
and lalsc-alarm probabilities plotted as a
function ot Nan Frgure 1Y, For the detection
of low-contrast disgs the observers have the
difficult task of defining both upper and
lower density thresholds and applving them

consistently over g large vanatonainspeckle

Reproduced From
Best Availabje Copy

o

noise contrast. Human factors, such as

training, therefore become more important .

than for high-contrast disc detection and
may explain the lack of close agreement
between the detection probabilities in Figure
19 and the minimum detectable contrast for
row Y in Figure 10.

It the signal u; has an intensity near <u>>,
i.e. a low-contrast signal, then from Figure
17 the probability density at u; increases
with N at small vaiues of N, then approaches
7ero as N becomes lacge. The probability of
finding a false signal with the intensity uy is
given by plu). With a detection window
around u;. the false-alarm rate should also
reach 4 manamum value at intermediate
values of N From an examination of Figure
/¥, the maximum in Py can be seen to hie at
approvimately N = 8 for this low-contrast
dise. Although this was observed by some of
the individuals whose readings were
averaged tor Figure 19, the effect iy masked
by the large vanance in Py for the observer
group. The extremestor Py torthe observers

are from O to 1.8 at low values ot N

Figure 20 shows images of 0.233 contrast
dises 1.77 mm in diameter at values of R
cyutvalent to the N-values in Figure 18, The
detection  probabilities  and  false-alarm
probabilitics are plotted in Figure 2/, The
agreement with the N-look probabilities is

within the observer error.

To avoid the expenimental difficulties and
uncertainty resufting from using human

observers, future efforts will be directed



toward the use of machine detection to
measure false-alarm rates and detection
probabilities.

I1. CONCLUSIONS
Anexpression is denived for the theeshold
abject contrast that s detectable i the
presence of speckle noise | see Fyuations oty
and (1D} The effects of smoothing by arca
ttrading resolution) and by muluple looks
are included. A convenent charactenzation
ol the speckle nose s the ratio ol rms
Huctuation to  average

mntensiy e,

While the dealized damped exponential
density s commonidy used in speckie studies.
herein, we have used two more generai cases
tlable D

practical situations For the N-fold intenaats

which cover a wide range of

superposition, the quantitatne decredase in

mimmum  detectable obect contrast has

heen micasured as g tunction ot N tor

obyect Sumlariyv . tor the

beam

improved  dJetectabihiny

Jifterent NVZCN

referenee plus speckie case, the

with larger beam
ratios R has been measured  The observed
sopesan Freurecitand [0 areinaccotdance
The man resutts of the

with the theorny

rescarchare vontamed in these data Intherr
apphication tovancd sustems fust one muest
Make an estimate ot the statistical densan
tunction which characterizes the
hackground speckie nowse 1 one tinds good

correspondence to the denaities in Tuble .

then our data are applicable to the problem
of establishing theesholds of detectioa lor
the system being analyzed.

The display of detection thresholds as a
function of object size and contrast has been
greatly tacihitiated through the use of our
adaptation ot Rose™s test pattern. Other
tactors such as polanzation, allumimation
level, wavelength, and recording medivm
are also readily vaned. In the present report
photographic data are provided toallustrate
the cttectiveness ot this method. A an
lustrative example, three ditterent methods
ol smoothing spechle were studied. A
vompley anabyical solution to this problem.
desenibed by MoKechme,

methods to provide approsvimatels equal

hias shown these
smoothing. In our expeniments, whch are
simple and stranghttorward, it s relanveds
this

Vdditionally | experiments showing that the

casy to demonstrate result.

speckle decorrelates waith input polanzation

are desenibed Papeniments are also

desenbed showing thet ully developed
speckhe leads toanmage degradation thatas
independent of Tight devel over a very wide
rangee
Random arravs ot dises were ined to
determune tadse-alarm rates and detection
prohabshtics tor both hgh-contrast and
owecontrast targets The resalts tor high-
contrast dises show good agreement, both
with the theoretical predictions of Dainey
and with our experiments on minimum

detectable contrast. Accurate quantitative
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measurements by human obswenenare more results are highly dependent on observer

difficult tor fow-conttast dises, and the training and experience.
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STATIONARY
DISFUSER BEAM 0BJECT
SPLITTER
MICOM 6201-2

Figure 1. Setup for measuring threshoids of object contrast for speckied

images. (The test object is imaged at unity magnification with a
small pupil of diameter D to control the size of the speckie.)

TRANSMISSION T,

PLATE | 0.018 0.047 0093 0.170 030 049 070 0.88
PLATE 2 0.012 0017 0.029 0.054 0089 0.7 028 0.45 3

ROW
|

Figure 2. Test pattern. (The transmission for the two piates used in the

3.55
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MICOM 620i - |

experiments Is shown at the top of the columns of discs. The
integers at the bottom of each column and the row numbers are
used in identifying discs in the text and other figures.)
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3

MICOM 6216-2

Figure 4. Images of the same test pattern with diffuse illumination varying in

relative intensity from 1 1o 32. (Columns 1-6 of test pattern, plate 1,

are shown.)
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MICOM 6195-2
Figure 6. Speckie averaging by intensity superposition of speckle patterns
from N ditferent opal glass diffusers.
]
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Figure 7.

Speckle averaging by superimposing N speckle patterns from a
cascaded ground glass and opal glass diffuser. (The first diffuser
was displaced pariliel to the second diffuser between exposures.)
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Comparison of test pattern images for N superpositions of

Figure 8.

independent speckie fields with images formed when the pattern is

R, of

illuminated with a plane wave and a diffuse beam. [The ratios,

36




‘ plane wave intensity to diffuse beam intensity chosen are
B equivalent by Equation (2) to the values of N for the adjacent
’ images.]
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Figure 11.

MICOM 6216-3
Test pattern images of columns 1-6, with plate tormed
ilumination with a plane wave and a diffuse beam.

42

by




B ]

MICOM 6216-4

Figure 11. (Concluded.)
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. Figure 13. Comparison of minimum detectable contrast for images formed
by N independent speckle field superpositions with the minimum
detectable contrast for images formed by illumination with the
equivalent ratio of plane wave to diffuse beam intensity given by
; y Equation (25).
s
-
¥
x

S Y " TN PR P T PLIY T i . -
oy TR -




Z-1129 NOOIW

‘Aeije jeuoISUSWIP-OM] wopuey i 3inbiyg

A |

] 1 i | [ i i
L] . T
1
3 . M\x-r.
. A4 -. p

e SRS L VIRRIIPIY N W Ry

i




'
'

Figure 15. Images of high-contrast, 1.77-mm-diameter disc array with
speckle averaged by superposition of N speckle patterns.
’ (Contrast 1.97.)
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Figure 16. High-contrast disc detection in a random array. The disc diameter
is approximately three times the speckle size.

15 F

(u)p(u)

1.0
u/(u)
! Figure 17. Probability density of speckle intensity (Reference 4, p. 54).
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Figure 18. Images of low-contrast 1.77-mm-diameter disc array with speckle
averaged by N speckle patiern superposiilon. (Contrast 0.23.)
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Figure 19. Low-contrast disc detection in a random array. The disc diameter
is approximately three times the speckle size.
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Figure 2. Low-contrast disc detection in a random array. The disc diameter
is approximately three times the speckie size,
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